Abstract Intrinsically disordered proteins (IDPs) are abundant in nature and characterization of their potential structural propensities remains a widely pursued but challenging task. Analysis of NMR secondary chemical shifts plays an important role in such studies, but the output of such analyses depends on the accuracy of reference random coil chemical shifts. Although uniform perdeuteration of IDPs can dramatically increase spectral resolution, a feature particularly important for the poorly dispersed IDP spectra, the impact of deuterium isotope shifts on random coil values has not yet been fully characterized. Very precise 2 H isotope shift measurements for 13 C a , 13 C b , 13 C 0 , 15 N, and 1 H N have been obtained by using a mixed sample of protonated and uniformly perdeuterated a-synuclein, a protein with chemical shifts exceptionally close to random coil values. Decomposition of these isotope shifts into one-bond, twobond and three-bond effects as well as intra-and sequential residue contributions shows that such an analysis, which ignores conformational dependence, is meaningful but does not fully describe the total isotope shift to within the precision of the measurements. Random coil
Introduction
Intrinsically disordered proteins (IDPs) are particularly common and important in eukaryotic systems (Dyson and Wright 2005; Uversky and Dunker 2010; Wang et al. 2011 ), but their lack of a defined structure generally prevents their study by X-ray crystallography. Consequently, solution NMR moved to the fore as the primary method for site-specific studies of residual structural propensities of these proteins. Indeed, one of the most commonly considered features of IDPs is their secondary structure propensity, which is commonly derived from a comparison of the chemical shifts of the backbone nuclei to their literature ''random coil'' values (Marsh et al. 2006; Camilloni et al. 2012; Ozenne et al. 2012; Rezaei-Ghaleh et al. 2012) . These reference random coil chemical shifts typically have been measured on fully protonated unstructured peptides (Richarz and Wuthrich 1978; Wishart et al. 1995; Schwarzinger et al. 2001; Kjaergaard et al. 2011) , or have been derived from chemically denatured (Peti et al. 2001) or intrinsically disordered proteins (De Simone et al. 2009; Tamiola et al. 2010) .
The intrinsic absence of stable secondary structure in IDPs gives rise to very poor chemical shift dispersion. Moreover, IDPs also tend to have low sequence complexity, high net charge, and low hydrophobicity (Romero et al. 2001) , which further contributes to spectral congestion. The problem of spectral overlap can be alleviated by using a high field NMR spectrometer and by perdeuteration of the non-exchangeable hydrogens. Indeed, protein perdeuteration is highly beneficial for the vast majority of Electronic supplementary material The online version of this article (doi:10.1007/s10858-012-9666-x) contains supplementary material, which is available to authorized users.
common NMR experiments performed on IDPs, as it improves relaxation properties, in particular for experiments utilizing TROSY-type detection schemes. Perdeuteration also removes amide proton splittings caused by 3 J HN-Ha couplings, thereby further reducing spectral overlap (Maltsev et al. 2012a) .
Due to the anharmonicity of zero-point C-H bond length vibrations when a hydrogen is replaced by deuterium, the average 13 C-2 H bond length is slightly shorter than the corresponding 13 C-1 H bond, thereby increasing the chemical shielding of the 13 C nucleus (Jameson 1996) . Because of the large fractional change in mass upon substituting 2 H for 1 H, the resulting one-bond isotope shift effect, 1 D 13 C(D), often is quite substantial, and typically falls in the 0.2-0.5 ppm range. The 2 H isotope shift effect extends also to other nearby nuclei, and effects of deuteration on chemical shifts can readily be seen for 1 H, 13 C and 15 N nuclei that are up to three bonds removed from the site of substitution. Taking these isotope shift effects into account becomes particularly important when recording spectra on both protonated and deuterated forms of the same protein.
Isotope shifts also give rise to unresolved splittings when fractional deuteration is used, effectively lowering attainable resolution (Nietlispach et al. 1996; Gardner et al. 1997) . Taking the effects of isotope shifts into account is important when predicting protein backbone torsion angles from observed chemical shifts, using empirically optimized programs such as TALOS, PREDITOR, and TALOS? (Cornilescu et al. 1999; Neal et al. 2006; Shen et al. 2009 ) or when identifying elements of secondary structure from chemical shifts (Wishart et al. 1991; Gronenborn and Clore 1994; Wishart and Sykes 1994; Shen and Bax 2010; Wang and Jardetzky 2002; Eghbalnia et al. 2005; Camilloni et al. 2012) . Similarly, accounting for 2 H isotope shifts is important when modeling entire protein structures on the basis of chemical shifts, through programs such as CHESHIRE, CS-Rosetta, and CS23D (Cavalli et al. 2007; Shen et al. 2008; Wishart et al. 2008) .
When interpreting chemical shifts in structural terms, such as in the applications listed above, any 2 H isotope shifts typically are either removed or accounted for by using literature 2 H isotope shift values derived for the enzyme carbonic anhydrase II, rich in b-sheet (Venters et al. 1996) . However, 1 D 13 C(D) isotope shifts depend strongly on local structure and can vary by as much as 30 %, depending on adjacent torsion angles (Lemaster 1994; Lemaster et al. 1994) . Similarly, 1 D 15 N(D) isotope shifts are quite sensitive to both local backbone torsion angles and H-bonding (Abildgaard et al. 2009 ).
Particularly for IDPs, where secondary structure propensities tend to be low and deviations from random coil chemical shifts are correspondingly small (Eliezer et al. 2001; Tamiola et al. 2010; Kjaergaard et al. 2011; Camilloni et al. 2012) , accurate knowledge of isotope shifts is critical when aiming to derive such structural propensities quantitatively from chemical shift data collected on perdeuterated proteins.
Here, we report highly precise, residue-specific chemical shift differences between fully protonated and perdeuterated a-synuclein (aS), an IDP with chemical shifts that fall closer to random coil values than any other fully assigned IDP (Maltsev et al. 2012b) . Therefore, aS is an excellent mimic for a disordered chain, despite a small, ca 20 % decrease in hydrodynamic radius compared to what is expected for an ideal random coil, an effect resulting from mild electrostatic compaction (Bertoncini et al. 2005 
Materials and methods

Protein expression and purification
Uniformly 13 C/ 15 N-enriched aS, either fully protonated or fully perdeuterated, was expressed and purified as described previously (Bodner et al. 2009 ). Briefly, bacteria were grown in M9 medium at 37°C to an OD 600 of 0.6, and protein production was induced by adding 1 mM IPTG. Cells were harvested by centrifugation 3 h later and immediately frozen at -80°C. Lysis of cells and initial protein purification were achieved by several freeze-thaw cycles followed by heat precipitation (15 min at 85°C) in 50 mM Tris pH 7.4, 500 mM NaCl. The solution was then cleared by centrifugation, and the supernatant was diluted 10-fold with 50 mM Tris pH 7.4 buffer. Anion-exchange chromatography on a Q-Sepharose column was performed, and fractions containing aS were pooled together. 
NMR experiments
To exclude any contributions from imprecise referencing, or small temperature or ionic strength differences, NMR experiments were performed on a mixed sample containing 150 lM protonated aS and 150 lM perdeuterated aS. The use of a mixed sample also eliminates any possible errors arising from imprecise pH matching, which can be significant in particular for His, Asp, and Glu residues (Kjaergaard et al. 2011) . The sample was prepared in 20 mM phosphate buffer, pH 6, 0.02 % sodium azide, 7 % D 2 O, and spectra were recorded at 15°C. Amide 15 N and 1 H N differences in chemical shift for the fully protonated and perdeuterated aS molecules were measured from a highly resolved TROSY-HSQC spectrum recorded on a 900 MHz Bruker Avance III spectrometer equipped with a TCI cryogenic probe. The spectrum comprised 512* 9 2,048* complex points for acquisition times of 246 and 206 ms in the 15 N (t 1 ) and 1 H (t 2 ) dimensions, respectively. For peak picking of the protonated aS resonances, complications resulting from sometimes poorly resolved 3 J HNHa splittings in the 1 H (t 2 ) dimension of the spectrum were avoided by truncating the t 2 time domain to 81 ms, followed by apodization with a squared 90°-shifted sine bell window function. For peak picking of the perdeuterated components of the spectrum, the full 1 H time domain was used, again with squared 90°-shifted sine bell apodization. The indirect 15 N dimension was apodized with a 90°-shifted sine bell window function, truncated at 176.4°. With a recycle delay of 1 s, using 8 scans per FID, the total data collection time was approximately 3.2 h.
Deuterium isotope shifts for 13 C 0 were derived from a TROSY-HNCO spectrum recorded on a 600 MHz Bruker Avance II spectrometer equipped with a TCI cryogenic probe. The spectrum was recorded with a mixed-time 15 N evolution period (Ying et al. 2007) , and regular time incrementation in the 13 C 0 dimension, using random nonuniform sampling in both indirect dimensions, for a total sparsity of 25 %. The full data matrix, including nonsampled points, corresponded to 175* 9 300* 9 900* complex points for acquisition times of 200, 225, and 120 ms in the 13 C 0 (t 1 ), 15 N (t 2 ), and 1 H (t 3 ) dimensions, respectively. With a recycle delay of 1.2 s and 2 scans per FID, the total recording time was approximately 44 h. The spectrum was reconstructed in approximately 20 min using the IST method (Hyberts et al. 2012 ), using two 12-core computers (dual Xeon processors with 6 cores per CPU). A 90°-shifted sine bell window function, truncated at 176.4°w as used for the two indirect dimensions, and a squared 90°-shifted sine bell window function was applied in the 1 H dimension.
Total 2 H isotope shifts for 13 C a and 13 C b were measured from a constant-time TROSY-HNCACB spectrum recorded on a 600 MHz Bruker Avance II spectrometer equipped with a TCI cryogenic probe. The spectrum again was recorded with a mixed-time 15 N evolution period (Ying et al. 2007) , and constant-time evolution in the 13 C dimension, using random non-uniform sampling in both indirect dimensions, for a total sparsity of 40 %. The full data matrix comprised 212* 9 180* 9 900* complex points for acquisition times of 24.6, 135, and 120 ms in the 13 C (t 1 ), 15 N (t 2 ), and 1 H (t 3 ) dimensions, respectively. With a recycle delay of 1.2 s and 2 scans per FID, the total recording time was approximately 49 h. The spectrum was reconstructed in approximately 15 min using the IST algorithm of Hyberts et al. (2012) , using a 64-core computer (4 AMD opteron processors with 16 cores per CPU). A 90°-shifted sine bell window truncated at 176.4 degree was applied for the two indirect dimensions, and a squared 90°-shifted sine bell window function was applied in the 1 H dimension. All standard data processing was performed using the NMRPipe program (Delaglio et al. 1995) , and peak picking was done with Sparky (Goddard and Kneller 2008) .
TROSY-HSQC and TROSY-HNCO spectra were collected on a 340 lM aS sample selectively labeled with 1 H/ 15 N-Lys in a 2 H/ 13 C/ 15 N background. The experimental and processing parameters were the same as described above for the mixed sample.
Results and discussion
Accurate measurements of the isotope shifts were achieved by using a mixed sample of protonated and perdeuterated protein and by collecting 3D spectra at very high resolution. The latter was accomplished without requiring excessive measuring times by recording spectra with only two scans per FID, and using non-uniform, sparse sampling of the indirect time domains (Orekhov et al. 2003; Rovnyak et al. 2004; Kazimierczuk et al. 2010; Hyberts et al. 2012) . However, to limit any possible increase in peak position uncertainty associated with sparse sampling, only a moderate 60-75 % savings in measurement time compared to full sampling was employed. The resulting spectra are indeed of very high quality (Fig. 1 N plane of the 600 MHz constanttime NUS TROSY-HNCACB spectrum. Dashed lines connect peaks originating from perdeuterated and protonated aS. The P128 C a peaks are observed via residue S129. P128 and S129 peaks are connected by horizontal dotted lines. Upfield shifted components of each pair correspond to the perdeuterated form of the protein Following Venters et al. (1996) , we also decomposed the total 2 H isotope shift, T DC(D), into its individual onebond, two-bond, and three-bond components. This decomposition was carried out using a home-written Matlab script to solve sets of linear equations of the type:
where T DC(D) denotes the total observed 2 H isotope shift for 13 C a or 13 C b in a given amino acid type, n DC(D) is the n-bond isotope shift contribution per deuteron, and d n is the number of deuterons n bonds away from the given carbon nucleus (see Table 1 ). Note that, by convention, the sign of 2 H isotope shifts is defined by the difference between the deuterated and the protonated species. The three best-fit n DC(D) values were derived by solving this set of linear equations, which relate the experimental total isotope shifts observed for the 13 C a and 13 C b nuclei of all residue types (except for Gly) to the corresponding sets of d n values. In this analysis, some residue types are expected to have the same 2 H isotope shifts, considering their identical d n patterns (Table 1) . However, when examining the experimental values observed for the largest such group, which includes Asp, Asn, Ser, His, Phe, and Tyr, it is already clear that the measured deuteration corrections differ far beyond their experimental uncertainties, indicating that a simple decomposition according to Eq. 1 only provides a rough estimate for the total isotope shift.
Solving the set of equations for the isotope shift values observed for aS yields 1 DC(D) = -283 ppb, 2 DC(D) = -94 ppb, and 3 DC(D) = -30 ppb, values that differ substantially from those previously reported by Venters et al.(1996) (-290, -130 , -70 ppb for 1 DC(D), 2 DC(D), and 3 DC(D), respectively), with ours being considerably smaller in magnitude, by as much as 57 % for 3 DC(D). The reason for these differences may be related to the different types of protein studied: an IDP in our present study, and the folded carbonic anhydrase II enzyme rich in b-sheet by Venters et al. (1996) The magnitude of at least the 1 DC(D) isotope shift is known to vary considerably with structure ) and substantial variations in 2 H isotope shift for 13 C a also are known to correlate with secondary structure (Garrett et al. 1997) . In this respect, it is interesting to note that the 2 H isotope shift for 13 C b in Pro is more than 120 ppb smaller than for Lys, despite having the same numbers of hydrogens at positions one, two and three bonds away. Clearly, the isotope shift also is impacted by the restricted conformation of the Pro ring system versus the fully disordered conformation of the Lys sidechain. When excluding methyl-containing residues, for most residues in synuclein the total 2 H isotope shift Fig. 1a from an E.COSY-like effect (Griesinger et al. 1986) , with the much larger 2 H isotope shift on 15 N separating the cross peaks for the protonated and deuterated forms of the protein. We aim to separate the isotope shift into a contribution from the preceding residue, A i-1 , and an intraresidue contribution, B i :
Accurate values for DH i (D) were measured from the TROSY-HSQC spectrum for 120 out of the 133 residues with HSQC correlations (140 minus 5 Pro residues and the two N-terminal residues). With 17 different residue types, and a sequential and intraresidue parameter for each type (except for Pro), the solution to this set of 120 equations is far less overdetermined than it was for finding the three n DC(D) values above. In fact, the matrix form of Eq. 2 is singular, and an arbitrary constant could be added to all A i-1 values and subtracted from B i without affecting the calculated DH i (D) values.
In order to resolve the above ambiguity regarding the intra-and inter-residue contributions to the observed DH i (D) isotope shift, we generated a uniformly 2 H/ 13 C/ 15 N-enriched aS sample, except for Lys residues, which were 1 H/ 15 N-labeled. The effect of this selective labeling on the TROSY-HSQC spectrum is shown in Fig. 2a , which presents the superposition of this 2D spectrum (red contours) on that of the mixed sample. For all residues except Lys and those following Lys, the resonance positions in the 1 H/ 15 NLys containing sample coincide with those in the perdeuterated protein. Correlations for Lys residues are displaced from their positions in perdeuterated aS by a nearly uniform amount. Since the protonated Lys residues lack the intraresidue 2 H isotope shift, B i , whereas the spectrum of the perdeuterated sample includes this component, the observed displacement corresponds to B i of Lys. There are 15 Lys residues in aS and analysis of the full spectrum of Fig. 2a yields an intra-residue 2 H isotope effect on 1 H N of B i = -10 ± 1 ppb. This result therefore also yields the sequential 2 H isotope shift contribution, A i-1 , for residues preceding Lys, thereby lifting the above noted degeneracy when solving Eq. 2. Independently, values for A i-1 can be obtained by considering the peak positions of residues that are preceded by Lys, but fall outside the spectral region shown in Fig. 2a . The extracted residue-specific values are listed in Table 2 . Remarkably, the observation that the total isotope shift DH i (D) for many residues is smaller in magnitude than the intraresidue contribution, B i , immediately indicates that the sequential isotope shift is mostly of the opposite sign, i.e., positive. The same applies for the sequential isotope shift for 15 N (see below). The system of Eq. (2) was solved using a home-written Matlab script. The measured value of Lys B i was incorporated into the system as one additional equation. In order to establish uncertainties on the obtained A i-1 and B i solutions, a Monte-Carlo analysis was performed by adding normally distributed noise to the experimental values of 2 H isotope shifts. The amplitude of the added noise was 2 ppb, matching the rmsd between the experimental and predicted values of 2 H isotope shifts (Fig. 3a) . The noise in this analysis does not correspond to measurement uncertainties but rather reflects on the larger contributions to 2 H isotope shifts from factors not accounted for by our simple analysis. The value of Lys B i was also varied in the Monte-Carlo analysis, but with a standard deviation of 1 ppb, corresponding to its measurement uncertainty. The MonteCarlo analysis involved solving the system of equations 5,000 times, after which the average values and standard deviations of all A i-1 and B i solutions were calculated.
The isotope shift contributions of Table 2 show trends that roughly correlate with amino acid type. For example, a preceding bulky hydrophobic residue such as Val, Ile, and Pro yields a nearly zero A i-1 contribution to DH i (D), whereas a preceding small polar residue such as Asp or Asn yields the largest sequential isotope shifts (ca ?7 ppb) effect. The intraresidue effect of perdeuteration on the 1 H N chemical shift is largest for Gly (-15 ppb), which has two 1 H a contributors that are separated by three bonds from 1 H N , and becomes smallest (-3 ppb) for Thr. Even within identical pairs of amino acids, however, some variation can be seen. For example, T22, T33, T44 T59 and T81 are all preceded by a Lys residue, but nevertheless significant variation in the 2 H isotope shift for the 1 H N resonances of these Thr residues is observed in Fig. 1a . The origin of this variation, even in a highly disordered structure such as aS, remains not understood.
2 H isotope shift for 15 N As can be seen in Fig. 1a , the total 2 H isotope effect on 15 N chemical shifts is substantial and gives rise to wellresolved resonances in the TROSY-HSQC spectrum. Interestingly, whereas the T22, T33 and T44 residues (all preceded by Lys) show comparable DN i (D) shifts, T64 preceded by Val shows a much larger DN i (D). Clearly, the effect from deuteration of the preceding residue must be substantial. Again, the total isotope shifts can be decomposed into a contribution from the preceding residue, C i-1 , and an intraresidue component, D i :
This system of equations is underdetermined in the same way as Eq. 2, discussed above. Again, to resolve this problem we measured the intraresidue contribution for Lys residues from the spectra shown in Fig. 2a , yielding D i = -253 ± 8 ppb.
With a total of 120 experimental DN i (D) values available, and 33 independent variables to be extracted for 17 residues (no intraresidue Pro 15 N shifts were measured), best-fit solutions resulted in the values listed in Table 3 . The uncertainties in the solutions were established using the same Monte-Carlo procedure described above for 1 H N , with the root-mean-square amplitude of the added Gaussian noise set to 14 ppb (Fig. 3b) . As can be seen from this Table, 2 H isotope effects on 15 N are relatively large and show considerable variation. Intra-residue effects are smallest for the b-branched residues Thr, Val and Ile, and largest for Ala. Not unexpectedly, Gly residues which have 
Uncertainties are based on Monte-Carlo simulations assuming 2 ppb variability of measured isotope shifts (see Text)
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This system of equations is underdetermined in the same way as discussed above for Eqs. 2 and 3. The TROSY-HNCO spectrum of the 1 H/ 15 N-Lys, perdeuterated aS sample lacks correlations to Lys-13 C 0 . However, the correlations to 13 C 0 nuclei of residues preceding Lys are observed (Fig. 2b) . Comparison of these chemical shifts with corresponding shifts measured for fully deuterated aS yields the sequential residue contribution F i?1 = 4 ± 4 -ppb of Lys to the total 2 H isotope effect on 13 C 0 . Again, using this value leads to a fully determined system of equations, and allows residue-specific values for the E i and F i?1 terms to be determined (Table 4) .
The uncertainties in the solutions were established using the same Monte-Carlo procedure described above for 1 H N , with the root-mean-square amplitude of the added Gaussian noise set to 5 ppb (Fig. 3c) . As can be seen from Table 4 , 2 H isotope shifts measured for the 13 C 0 of residue i originating from perdeuteration of residue i ? 1 are very small. By contrast, effects from intraresidue perdeuteration show a substantial range, from ca. ?39 ppb for the hydrophobic residues Ile, Val, and Pro to negative values of -14 and -28 ppb for Asp and Asn, respectively. It is important to note that the values reported here apply for the highly disordered protein aS, and that effects in folded proteins will depend on local conformation. Indeed, considerably larger variations were observed for a perdeuterated/methyl-protonated form of an SH2 domain (Gardner et al. 1997) . Also, it is worth noting that the Eq. 4 decomposition into an intra-and sequential residue contribution is not quite adequate to fully describe the isotope shift, even in a highly disordered protein such as aS. For 
Concluding remarks
The highly favorable relaxation properties of aS resulted in intrinsically very narrow line widths and therefore in very high precision at which the chemical shift positions were measured. Using non-uniform sampling in a very conservative manner, sampling between 25 and 40 % of the total number of indirect time domain data points, reconstructed 3D spectra were essentially free of artifacts and distortion of line shape or peak position. Indeed, comparison of the total 2 H isotope shifts for 1 H and 15 N extracted from 900-MHz fully sampled 2D spectra and sparsely sampled 3D spectra, collected at 600 MHz, showed a pairwise rmsd of \2 ppb for 1 H and 7 ppb for 15 N. a-Synuclein contains 17 different amino acid types, and our study therefore has yielded a nearly complete set of residue-specific 2 H isotope shifts. The three residues not represented in aS are Arg, Cys, and Trp. However, considering the close similarity of these residues to Lys, Ser, and Phe/Tyr, respectively, the backbone and 13 C b isotope shifts of these latter residues should be representative for these missing residues. (Gardner et al. 1997; Garrett et al. 1997) , while corrections for 15 N were differentiated only by their intra-residue type (Gardner et al. 1997) . Using very high resolution spectra recorded on an IDP, we have shown that 2 H isotope shifts for 13 C 0 , 15 N, and 1 H N also are impacted by the nearest neighboring residue. This conclusion is also easily validated by the fact that aS contains multiple pseudo-repeats, meaning that many pairs of consecutive amino acids are repeated multiple times in the sequence. Examples of such pairs include: EG (7 occurrences), GV (6 occurrences), KT (5 occurrences), AA (5 occurrences), and VA (5 occurrences). As shown in Supplementary Table 1, isotope shifts for such repeated pairs agree much closer with each other than when simply considering the intra-residue type alone, yielding root-mean-square deviations from their average values of *10, *10, and *2 ppb for 13 C 0 , 15 N, and 1 H N , respectively, when considering amino acid pairs, versus *11, *55, and *4 ppb when ignoring the adjacent amino acid type. Including the effect of the nearest neighbor through Eqs. 2-4 yields a good fit (Fig. 3) between observed isotope shifts and values predicted using these equations with coefficients of Tables 2, 3 and 4. Indeed the match between the experimentally measured deuteration corrections and those predicted by the equations then becomes 5, 14, and 2.1 ppb, for 13 C 0 , 15 N, and 1 H N , respectively, comparable to values seen in the pseudo repeats. Interestingly, however, these residual rmsd values remain considerably larger than their measurement uncertainties, in particular for 13 C 0 and 15 N. This observation highlights the dependence of the 2 H isotope shift on more than just residue type, even in an IDP.
Accurate knowledge of 2 H isotope shifts is important for at least three reasons: First, analysis of larger proteins frequently involves collection of spectra on both protonated and perdeuterated forms of such a protein and knowledge of the expected isotope shift is important when ensuring that resonance assignments are fully consistent between the different samples. Second, when analyzing chemical shifts in terms of structure, it is important to remove 2 H isotope shift contributions. Although isotope shifts observed for 1 H N , 15 N, and 13 C 0 are too small to impact such analyses, isotope shifts for 13 C a and 13 C b are rather large and need to be accounted for. Prior 2 H isotope shifts reported by Venters et al. for human carbonic anhydrase II tend to be systematically larger in magnitude than we found for intrinsically disordered aS, despite the higher level of deuteration ([97 %) used in our study. Values reported for a perdeuterated SH2 domain (Gardner et al. 1997 ) agree closer with Asp -14 ± 5 1 0 ± 5 Glu 11 ± 4 6 ± 4 Phe 6 ± 6 8 ± 5
Gly -3 ± 4 1 7 ± 4
His -3 ± 7 8 ± 6
Ile 39 ± 6 6 ± 5 Lys 27 ± 4 4 ± 4 Leu 29 ± 5 2 ± 5 Met 7 ± 6 1 0 ± 5 Asn -28 ± 5 7 ± 5 Pro 35 ± 5 -Gln 10 ± 4 7 ± 5
Ser -5 ± 5 1 2 ± 5 Thr 13 ± 4 6 ± 4
Val 35 ± 4 8 ± 4
Tyr 3 ± 5 8 ± 5
Uncertainties are based on Monte-Carlo simulations assuming 5 ppb variability of measured isotope shifts (see Text) our aS values, although fractional methyl protonation of Ala, Val, Ile, and Leu in that study resulted in smaller magnitudes of the 2 H isotope shifts observed for 13 C a and 13 C b . Third, and perhaps most important, 2 H isotope shifts report on local structure Abildgaard et al. 2009 ) and may provide useful experimental parameters to describe structural propensities in a manner that complements the use of secondary chemical shifts and 3 J HH couplings for this purpose (Ottiger and Bax 1997) . To further exploit 2 H isotope shifts for this purpose, we are currently studying the dependence of such isotope shifts on local geometry, both by quantum chemical calculations, and by validating such calculations in a protein of accurately known structure.
